ABSTRACT Sodium ion hybrid capacitors (SIHCs) are of great concern in large-scale energy storage applications due to their good energy-and-power characteristic, as well as abundant reserves and low cost of sodium. However, the sluggish faradaic kinetics of anode materials severely limit the overall electrochemical performance of SIHC devices. Herein, we report an application of nanotube-like hard carbon (NTHC) anode material prepared by high-temperature carbonization (1150°C) of polyaniline (PANI) nanotubes for high-performance SIHCs. As a result, the assembled sodium ion half-cell with NTHC shows a high reversible capacity of 419.5 mA h g . Within the potential range of 1.5-3.5 V, the SIHCs display an outstanding cycling stability tested at 2 A g −1 with a good capacity retention of 82.5% even after 12,000 cycles.
INTRODUCTION
The ever-increasing depletion of fossil fuels has caused severe environmental pollution and other relevant issues, thus the growing demand for clean and sustainable energy is very pressing [1] [2] [3] [4] . It is noted that, the indirect energy sources such as wind energy, solar energy and tidal energy are very promising to meet the requirements of people's daily life, but they are different greatly in geography and even change over time. So it is extremely important to develop advanced sustainable energy storage devices [5] .
Electrochemical capacitors (ECs) have become the main electrochemical energy storage devices due to their high power density, long cycle life and environmental friendliness. According to different energy-storage mechanism, ECs are divided into two main categorieselectrochemical double-layer capacitors (EDLCs) and the pseudo-capacitors. The former storage charge by ions reversible adsorption-desorption on the surface of the electrode materials and the latter storage energy via reversible Faradaic oxidation-reduction reaction over or near the surface. The development of ECs is restricted by low energy density [6] [7] [8] . On the contrary, the other type of crucial energy-storage devices such as electrochemical batteries including Li-ion [9, 10] , Li-O 2 [11, 12] , Li-S [13] , Na-ion [14, 15] and double-ion batteries [16, 17] , etc., have been extensively accepted to be durable and of high energy density to supply prolonged operation in a majority of electronic equipments. However, owing to slow insertion/extraction dynamics, these batteries show unsatisfactory power output. In recent years, a promising strategy that integrates a capacitor electrode and a battery electrode into a device has been adopted to achieve a device that has both high energy density of battery and excellent power characteristic of capacitor at the same time, such as hybrid capacitors (HCs).
As a kind of typical HCs, lithium ion hybrid capacitors (LIHCs) have been widely investigated and achieved some commercialized applications [18] [19] [20] [21] [22] . Unfortunately, the insufficient lithium reserves significantly restrict the further development of LIHCs. Nevertheless, the substitution of lithium with abundant sodium is a good choice to develop low-cost HCs. Such devices are viewed as socalled SIHCs and have been extensively investigated by many researchers, which are generally composed of a capacitor electrode based on activated carbon, layered oxides, phosphate and polyanion compounds, an organic polymer membrane, non-aqueous electrolyte and an anode based on carbon-based materials, metal oxides, metal sulfides, alloys [23, 24] [29] and N-TiO 2 //AC [30] . However, the electrochemical properties of SIHCs are still limited to sluggish faradaic kinetics of anode materials, which is a major challenge for SIHCs. At present, researchers are mainly concentrating on improving the power capability of anode materials to match the fast kinetics of capacitive cathodes. The choice of the same kind of electrode materials (both as anode and as cathode) may have more excellent electrochemical performance. Carbon-based materials due to the rich resources, simple manufacturing and low cost in the SIHCs have attracted wide attention. Therefore, finding a high-performance carbon-based anode material is particularly critical for SIHCs.
PANI is a kind of conductive polymer materials. Various nanostructured PANI-based electrode materials can be obtained by different ways and have exhibited high performances for different electrochemical energy storage devices. Xu et al. [31] reported a hierarchical N/S-codoped carbon anode with cellulose/PANI for sodium-ion battery, which showed a reversible capacity of 150 mA h g −1 in a long cycle life with 3400 cycles at 500 mA g −1 . Xiao et al. [32] reported that hollow carbon nanowires-based anode,prepared by carbonized PANI and used as an anode material for sodium ion batteries, showed a high reversible capacity of 251 mA h g −1 and 82.2% capacity retention after 400 cycles at 50 mA g −1 . Afterwards, they also prepared hard carbon nanoparticles used as anode materials with PANI for Na-ion batteries, which showed a high reversible capacity of 207 mA h g −1 after 500 cycles at a constant current density of 50 mA g −1 [33] . In our previous work, APDC with a very high specific surface area (3295 m 2 g −1
) could be prepared from one-dimensional PANI by a simple chemical activation [34] . Simultaneously, APDC exhibited a high capacitance and can be used as a cathode material.
In , in which the capacity retention rate is 82.5% after 12,000 cycles.
EXPERIMENTAL SECTION

Material preparation
All chemicals used for synthesizing PANI were commercially available and were used without further purification. Aniline (AR, 99.5%), ammonium persulfate (AR, 98.0%), citric acid (AR, 99.5%) were purchased from Sinopharm chemical reagent Co., Ltd., China.
The PANI nanotubes were synthesized by oxidative polymerization of aniline with ammonium persulfate (APS) in an aqueous solution containing citric acid according to the previous literature reports [35, 36] . NTHCs were prepared by the direct carbonization of as-prepared PANI nanotubes in a tube furnace for 2 h under an argon atmosphere. The carbonization temperatures were 1050°C , 1150°C and 1250°C, respectively. The carbonized hard carbon samples were denoted as NTHC-1050, NTHC-1150 and NTHC-1250. Meanwhile, APDC was prepared by carbonization of as-prepared PANI nanotubes and then activated by KOH based our previous work [34] . Firstly, PANI nanotubes were carbonized at 800°C for 1 h under argon atmosphere at a tube furnace. Then, 0.5 g carbonized nanotubes were impregnated with 3 g KOH in a mixed solvent of 3 mL deionized water and 2 mL ethanol by evaporation at 80°C under magnetic stirring. The mixtures were dried and then heated at 800°C for 1 h under argon atmosphere. The samples were washed with dilute hydrochloric acid and deionized water until pH=7. Finally, the samples were dried at 60°C in oven.
Material characterization
Field emission scanning electron microscope (FESEM, JSM-5601LV, Japan) was employed to investigate the microcosmic morphology of NTHC. The microstructure, chemical composition and lattice structure of as-prepared NTHC were characterized by transmission electron microscope (TEM, JEOL 2100 FEG). The structure and composition of NTHCs were investigated via powder Xray diffraction (XRD, Smart APEX Ⅱ) using Cu-Kα radiation. The Raman spectra of HCNTs were obtained by Raman spectroscope (LabRAM HR Evolution) with a wavelength of 532 nm. The nitrogen adsorption-desorption isotherm measurements were carried out by an ASAP 2020 volumetric adsorption analyzer (Micromeritics, USA) at 77 K. X-ray photoelectron spectroscopy (XPS) spectra of HCNTs were measured through an Xray photoelectron spectrometer (ESCALAB 250Xi) using monochromatic Al-Kα radiation (hv=1486.6 eV) run at 210 W.
Fabrication of sodium half cells
All the sodium half cells investigated for the material performance in this work were fabricated into coin cell. The anode was prepared by mixing 80 wt.% of NTHC, 10 wt.% of carbon black and 10 wt.% of polyvinylidene difluoride (PVDF). The mixture was coated on a Cu foil and dried at 110°C for 12 h under vacuum. After being pressed, an anode electrode was assembled into a coin cell with a counter electrode of Na using 1 mol L −1 NaClO 4 in a mixture (50:50, volume ratio) of ethylene carbonate (EC) and dimethyl carbonate (DMC) as the electrolyte in an argon-filled glove box.
Fabrication and characterization of the SIHCs
The SIHC devices were assembled with NTHC-1150 anode and APDC cathode in coin cells. For NTHC-1150 anode, the mass loading of NTHC-1150 was 1-1.5 mg. For the cathode fabrication, 90 wt.% APDC and 10 wt.% binder (polytetrafluoroethylene, PTFE) were mixed, coated on an Al foil, dried at 150°C for 12 h under vacuum and then assembled in a glove box filled with argon atmosphere. To achieve the SIHCs with the highest energy and power density, the weight ratios of anode and cathode active materials were carefully adjusted to 2:1, 1:1, 1:2 and 1:3 in the voltage range of 1.5-4.2 V, respectively.
Electrochemical measurements
All the electrochemical measurements were carried out at room temperature. Cyclic voltammetry (CV), galvanostatic charge/discharge (GCD) measurements and electrical impedance spectroscopy (EIS) were tested by the electrochemical workstations (CHI660D, Shanghai, China; and Autolab, PGSTAT 302N, Metrohm, Switzerland). The cycling charge-discharge tests of half-cells and hybrid cells were carried out using a CT2001A cell test instrument (LAND Electronic Co., Ltd., China). The specific capacity (C, F g −1 ) of SIHCs was calculated by the following equation:
where I is the constant discharge current, ∆t is the time period for a full discharge, m indicates the mass of the corresponding active electrode material and ∆E represents the voltage change after a full discharge. Here the specific capacity of SIHCs was calculated based on the total mass of anode and cathode active materials.
The energy density (E, W h kg ( ) 
The power density (P, W kg −1 ) of SIHCs can be obtained by the energy density (E) and the discharging time (t) according to the following equation:
RESULTS AND DISCUSSION
Morphological and structural analysis Fig. 1 is a schematic diagram of the fabrication of our dual-carbon SIHCs and working fundamental. First, the NTHC anode was prepared under argon atmosphere by high temperature carbonization process, and the APDC cathode was prepared by chemical activation with KOH (their structural properties are shown in Figs. S1 and S2). After the SIHCs was assembled, it works as follows: During the charging process, Na + ions are inserted the quasi-graphitic layers of NTHC and ClO 4 − ions are adsorbed on the surface of the APDC; during the discharge process, Na + ions are removed from the graphite layers of NTHC and ClO 4 − ions are desorbed from the surface of APDC [37] .
PANI nanotubes are prepared by oxidative polymerization of aniline with APS. The as-prepared PANI exhibits a uniform tubular structure with about 80-150 nm for external diameter and around 40-50 nm SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . for inner diameter (Fig. 2a) . The formation of the PANI nanotubes appears, we speculate that this is related to the lower oxidative polymerization temperature. When the aniline molecules are oxidized at lower temperature, they easily form oligomers of nanocrystals by stacking mechanism. These oligomers act as templates for the adsorption of N-phenylphenazines during the induction process. Meanwhile these N-phenylphenazines are used as starting template for forming PANI nanotubes by stacking around the oligomeric nanocrystallite [38, 39] . After annealing, the as-made NTHC-1150 remains hollow tubular nanostructure. Moreover, the surface becomes smoother and the diameter decreases slightly (Fig.  2b) . The TEM images of the NTHC-1150 (Fig. 2c, d) show that the internal hollow tube has a diameter of 40 nm, which is consistent with the SEM images results. The HRTEM image of NTHC-1150 in Fig. 2e shows that it consists of graphite flakes containning many disordered voids, which could provide a diffusion channel for sodium ions and electrons to improve the rate capability of NTHC-1150. The elemental mappings of carbon, nitrogen and oxygen atoms further reveal that the entire NTHC-1150 has a uniformly distributed hollow tube structure (Fig. 2f) .
XRD patterns of PANI nanotubes, NTHC-1050, NTHC-1150 and NTHC-1250 are shown in Fig. 3a . The PANI nanotubes show two broad peaks centered at 2θ=19.7°and 25.4°, indicating an amorphous phase [40] . All of NTHCs have two broad peaks at~23.5°and~43.5°, corresponding to (002) and (101) planes, which are characteristic of amorphous carbon materials. It is worth noting that the position of the (002) peak slightly shifts to low angles as the carbonization temperature increases, which indicates the layer distance increases with increasing the pyrolysis temperature [41, 42] . Moreover, according to the Bragg equation, the layer distances of NTHC-1050, -1150, -1250 in the position of the (002) plane are calculated to be 0.376, 0.383 and 0.386 nm, respectively. The value of NTHC-1150 is consistent with the HRTEM result in Fig. 2e . The increase of layer distance is probably due to the fact that more gasous atoms are inserted into/moved within the layers of graphite during the pyrolyzation at higher temperature [43] . Such larger interlayer space of NTHC is favorable for insertion and extraction of Na + , leading to the improvement of the sodium storage capacity. Raman spectra of NTHCs as shown in Fig. 3b exhibit broad D-bands around 1350 cm −1 and G-bands around 1580 cm −1 , which could be attributed to the disorder of graphite edges and crystalline graphite [44] , respectively. The ratios of the intensity of D-and G-bands could be obtained by the spectra, with I D /I G being employed to index the degree of graphitic ordering. The I D /I G of NTHC-1050, -1150, -1250 are 1.80, 1.68 and 1.44, respectively. This further confirms the amorphous nature of the carbonized NTHCs that is consistent with the XRD results. The analyses of the XRD and Raman results are shown in Table S1 .
The nitrogen adsorption isotherms and pore size distribution of PANI nanotubes and NTHCs are shown in ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   288 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Table S1 . The specific surface of PANI precurosr is 24.8 m 2 g −1
.
As annealing temperature increases, the specific surface area of as-obtained NTHCs gradually decreases. Especially, the NTHC-1050 shows the maximum BET surface area of 26.8 m 2 g −1
, while NTHC-1150 and NTHC-1250 show smaller surface area of 17.05 and 12.56 m 2 g −1 , respectively. The analysis of pore size distribution shows that the pore distribution in all materials is relatively wide, including mesopores and macropores. The co-existence of hierarchical pores is beneficial to the transmission of electrons and the wettability of electrolyte, thus improving the rate performance and cycle stability [45, 46] . XPS was employed to investigate chemical state of the nitrogen atoms in NTHCs. N 1s XPS data for the PANI precursor and NTHCs obtained at different temperatures (1050°C and 1150°C) are shown in Fig. S3 . It should be noted that, when the annealing temperature reaches 1250°C, the signal of nitrogen atom for the resulting NTHC-1250 cannot be detected, indicating nitrogen atoms are almost released from the final product. The atomic percentages of N of PANI precursor, NTHC-1050 and NTHC-1150 can reach up to 8.79%, 1.23% and 1.21%, respectively. The N 1s peak of the pristine PANI (Fig. S3a) can be deconvoluted into two peaks positioned at 399.6 and 400.5 eV [47] . The N 1s peak of NTHC-1050 can be splited into two peaks and envelop the contributions from two components after fitting (Fig. S3b) . The peak centered at 401 eV may be attributed to quaternarynitrogen (N-Q) formed in the early stage of carbonization. The second peak positioned at 402.1 eV may be assigned to the nitrogen-oxide (N-O) species doped at the edges of the graphite layers. The shift towards higher binding energy for the peaks assigned to the N-Q (401.2 eV) and N-O (402.4 eV) binding implies that a slight change in the chemical environment with increased temperature. The N-Q binding can increase the conductivity of carbon materials to improve the rate performance of the battery [48] . All related results are shown in Table S1 . Fig. 4a displays the first three CV curves of NTHC-1150 half-cell, which was tested between 0 and 2 V at a scanning rate of 0.1 mV s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 289 cathodic scan, suggesting that irreversible reactions occur with the formation of SEI film, associated with decomposition of electrolyte on the electrode surface [49] . Moreover, a pair of typical redox peaks about 0.114/0.01 V in the low potential region is related to the reversible insertion/extraction of Na + ions between quasigraphite layers. Fig. 4b shows the GCD curves of NTHC-1150 at a current density of 50 mA g −1 for 1 st , 5 th and 10 th cycle. The first GCD curve has four distinct discharge platforms, and the longest discharge platform was at the 0.1 V, which is consistent with the CV result. Fig. 4c shows the rate capability of NTHCs. It is worth noting that NTHC-1150 shows the better rate performance than that of NTHC-1050 and NTHC-1250. Specifically speaking, NTHC-1150 delivers reversible capacities of 419.5, 361.1, 288.8, 168.3, 80.2 and 74.6 mA h g −1 at current densities of 50, 100, 250, 500, 1000 and 2500 mA g , respectively. When the current density is reset to 500 and 50 mA g −1 , the electrode capacity recovers to 277.9 and 411.5 mA h g , which indicates the NTHC-1150 has a good rate capability as well as excellent tolerance to rapid Na + insertion and extraction. Fig. 4d shows the cycling performance of the NTHCs electrodes at a constant current density of 50 mA g −1 .
Sodium-ion half cells performance
Compared with NTHC-1050, -1250, NTHC-1150 has the best cycle performance and reversible capacity, the NTHC-1150 electrode still maintains a high reversible capacity of 366.6 mA h g −1 after 260 cycles, corresponding to the second cycle discharge capacity retention rate of 83.9%. Coulombic efficiencies of the NTHC-1050, -1150 and -1250 are 53.7%, 54.9%, 45%, respectively. The comparison of half-cell performance is also shown in Table S2 . The main reason of NTHC-1150 with the best performance may be the larger interlayer spacing and the N heteroatoms, in which big interlayer spacing reduces the ion diffusion rate, and N heteroatoms can increase the conductivity.
SIHCs performance
Before each NTHC-1150//APDC SIHC device was assembled and tested, NTHC-1150 electrode was preprocessed in half-cell (i.e. vs. Na/Na + ). The NTHC-1150 anode was firstly galvanostatically tested ten cycles at 50 mA g −1 between 0-2 V vs. Na/Na + , and then discharged to a cut-off voltage of 0.01 V vs. Na/Na + . Then a SIHC was assembled with APDC (the electrochemical properties are shown in Fig. S4 ) as the cathode and the NTHC-1150 as the anode. According to the capacity ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   290 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . balance between the NTHC-1150 anode and the APDC cathode, their mass ratio varies from 2:1 to 1:3 (the detailed electrochemical properties are shown in Figs. S5 and S6). With increasing mass ratio of NTHC-1150 and APDC, the energy density initially increases and then decreases to 1:1. The optimal performance of the SIHC device is shown in Fig. 5 . Fig. 5a shows the CV curves with different scan rates in the voltage window of 1.5-4.2 V. The device shows a rectangular shape, which indicates the capacity is ascribed to capacitive behavior. Fig. 5b is the GCD curves at different current densities in the voltage window of 1.5-4.2 V, which exhibits quasisymmetric triangular-shape (Fig. S7) , further indicating the good combination between the insertion/extraction of sodium ions in NTHC-1150 anode and APDC cathode.
The cycling stability of the NTHC-1150//APDC dualcarbon SIHC was firstly investigated at a current density of 2 A g −1 . First of all, using a maximum voltage window of 1.5-4.2 V, compared with the initial capacity, the device showed the capacity retention rate of 58.5% after 10,000 cycles. When we employed a smaller voltage window of 1.5-3.5 V, the capacity retention rate increased to 74% after 10,000 cycles (Fig. S8) . When the device was firstly activated for 200 cycles at 200 mA g −1 in voltage window of 1.5-3.5 V (Fig. S9) , and then the cycling performance was tested at 2 A g −1 in voltage window of . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.5-3.5 V, the capacity retention rate further increased to 84% after 10,000 cycles and 82.5% after 12,000 cycles, as shown in Fig. 5c . Fig. S10 shows the EIS plots of NTHC-1150//APDC SIHC at different cycles (initial state and after 10,000 cycles). The high frequency region has the charge transfer resistance controlled by kinetic, while the low frequency region is determined by the diffusion of sodium ions in the carbon material. It is shown that the resistance of NTHC-1150//APDC SIHC after 10,000 cycles was still lower than that of the initial state, which indicates NTHC-1150//APDC SIHC has a good charge transfer performance. Ragone plots of NTHC-1150// APDC SIHC with different mass ratios are shown in Fig.  5d , where the power densities and specific energy were calculated based on the total mass of anode and cathode active materials. The optimal device with the mass ratio of 1:1 is able to achieve a maximum energy density of 100.9 W h kg −1 as well as a maximum power density of 14,250 W kg −1 . This SIHC can be assembled to drive a 3 V light-emitting diode (LED) with a "SIHC" pattern ( Fig. 5e , although the maximal energy density of our device is not the highest value compared with the previous reported SIHCs [27] , the decrease slope of energy density with the increase of power density is the best. The outstanding electrochemical performance of NTHC-1150//APDC SIHC can be ascribed to the following three reasons: (i) The NTHC-1150 anode possesses a suitable interlayer spacing with Na + ions insertion/extraction. (ii) The nanostructure of the electrode materials contributes to the transfer of ions and the contact of the electrolyte. (iii) The dual-carbon electrodes from the same raw material may be more conducive for dynamic and structural stability matching, resulting in the enhancement of the overall performance of the hybrid device.
CONCLUSIONS
In conclusion, we have prepared NTHC-1150 anode and APDC cathode with similar one-dimensional structure from low cost PANI. In the 0-2 V voltage window, the assembled sodium ion half-cell with NTHC-1150 as anode can exhibit a high reversible capacity of 419.5 mA h g −1 at 0.05 A g −1 and an excellent rate performance of 74.6 mA h g −1 at 2.5 A g −1 , and shows a good cycle performance. On this basic, the as-fabricated SIHC with the optimal mass matching can exhibit a maximum energy density of 133.0 W h kg −1 at 2850 W kg −1 and still can remain 100.9 W h kg −1 at 14250 W kg −1 . At testing voltage window of 1.5-3.5 V, the hybrid capacitor achieves outstanding cycling stability even after 12000 cycles. Therefore, it is believable that dual-carbon SIHC will cause widespread concern for further commercial application due to abundant raw materials, environmental friendliness and simple manufacturing. 
